Circulatory Changes in Chronic Pulmonary Disease *: A Study of Pulmonary Collateral Circulation by Gray, Frank D. et al.
CIRCULATORY CHANGES IN CHRONIC
PULMONARY DISEASE*
A STUDY OF PULMONARY COLLATERAL CIRCULATION
FRANK D. GRAY, JR.,t PAUL R. LURIE,t AND RUTH WHITTEMORE
With the demonstration by Bing and associates that extensive collateral
circulation between systemic and pulmonary arteries develops in some
types of cyanotic congenital heart disease,' the question of whether other
clinical states associated with cyanosis might also exhibit collateral circula-
tion presented itself. The answer has appeared in the remarkable injection
studies of Liebow and associates, who clearly demonstrated anatomically
the presence of large collateral vessels in lungs taken from cases of chronic
pulmonary disease.l' These vessels consist of precapillary anastomoses
between bronchial arteries and pulmonary arteries.
The physiological significance, that is, the extent and consequences of
such additional channels, remained to be demonstrated. Such demonstration,
together with observations of other circulatory phenomena associated with
chronic lung disease, constitute the purpose of the present report.
Methods
Material. Ten patients from the wards and clinic of the Grace-New Haven
Community Hospital, in whom a diagnosis of some type of chronic pulmonary disease
had been made, were the subjects of this report. The clinical findings are summarized
in Table 1.
Technical procedures. After the clinical, studies were completed, the patient was
subjected to cardiac catheterization for the purposes of recording pressures in the
heart and obtaining samples of mixed venous blood. During the period of the cathe-
terization an arterial blood sample was obtained while the patient was breathing room
air and again after breathing pure oxygen for five minutes.1J Finally a sample of
expired air was collected in a Douglas bag.
The blood gas analyses were done by the Ordway modification of the method of
Roughton and Scholander." The volume of the Douglas bag expired air sample was
measured and then the sample was analyzed in the Scholander micro-gas analyzer.'
The oxygen consumed by the patient in one minute was calculated according to a
standard method.'
* From the Departments of Internal Medicine and Pediatrics, and the Cardio-
vascular Study Unit, Yale University School of Medicine. The study was supported
by a grant from the James Hudson Brown Memorial Fund of Yale University.
t This work was done during the tenure of a James Hudson Brown Memorial
Research Fellowship in Internal Medicine.
4 United States Public Health Service Fellow in Pediatrics.
¶ Five minutes of oxygen breathing will not produce a homogeneous oxygen milieu
in the lungs of some victims of pulmonary disease. In our experience, however, very
little change occurs after three minutes; hence five minutes was arbitrarily accepted
as a safe and practical period.
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The patient was observed while in a resting, fasting state. The period of study
began at 9:00 A.M. and usually ended sixty to ninety minutes later. No sedatives were
used, but a great effort was made to allay the patient's anxiety about the procedure
by the methods to be described in detail elsewhere.'
Calculations. The volume of blood flowing through systemic capillaries was
calculated by means of the Fick principle7'-':
[1] - SF a-v
where 0 = Oxygen consumed per minute in cubic centimeters X 100.
a = Arterial blood oxygen content in volumes per cent.
v = Mixed venous blood oxygen content in volumes per cent.
SF = Systemic blood flow in cubic centimeters per minute.
Formulae for calculating the proportions of blood being shunted into the arterial
system without oxygenation, as well as that being shunted from the aorta back into
the pulmonary artery without passing through the systemic capillaries, were first
demonstrated by Lundsgaard and Van Slyke.' They developed the formula for right-
to-left shunts as follows:
[2] (T - LT) - a [21 ~~~~(T -LT) -v=
where T = Total oxygen carrying capacity of hemoglobin in volumes per cent.
L = Fraction of hemoglobin passing through ventilated lung capillaries without
becoming oxygenated.*
a = Net fraction of SF shunted from right-to-left; the net fraction is equal
to the total mixed venous blood shunted from right-to-left less the mixed
venous blood returned through left-to-right shunts.
(Lundsgaard and Van Slyke" used reduced hemoglobin values instead of oxyhemo-
globin values. In this report their symbols have been changed to accord with present
day usage.)
On referring to Figure 1 it is apparent that using (v) in equation [2] will result
in a value for a representing, not the absolute right-to-left shunt of blood, but rather
the algebraic sum of the right-to-left shunt of mixed venous blood diminished by the
amount of mixed venous blood returned via collaterals. The total collateral (left-to-
right) shunt expressed as a fraction of SF constitutes p in Figure 1.
(ao - a.,,) - (To -Tar) - (do - dair) = L
Tasir
In which the symbols are used as in the text and the subscripts refer to observations
during pure oxygen and room air breathing respectively.
In order to calculate the absolute shunt, one must substitute (vl)* for (v) in
equation 2, giving:
[3] (T-LT)-a
= (T - LT) - Vi
(vi) (see Fig. 1) cannot be observed directly. If, however, the blood passing through
p and mixing with (v) to form (vL) could be rendered almost completely saturated, it
would no longer influence the calculation, since the algebraic sum of the fractions of
mixed venous blood in the right-to-left and left-to-right shunts would approach the
* L is calculated by Ordway's equation'-"7 which is a mathematical expression of
Berggren's work showing that breathing pure oxygen tends to saturate that propor-
tion of blood going through functioning capillaries which, due to faulty ventilation
or diffusion, is unsaturated while room air is breathed.' The equation states:YALE JOURNAL OF BIOLOGY AND MEDICINE
fraction representing the total right-to-left shunt. This can be effected by having the
patient breathe pure oxygen. The resulting high alveolar oxygen tension places thearterial
blood (therefore the blood going through the ,B shunt) on a part of the oxyhemoglobin
dissociation curve where relatively large tension differences result in negligible changes
in saturation.
Ordway has developed a modification of the Lundsgaard and Van Slyke formulae
to use in cases when the subject is breathing pure oxygen'-"':
(T + d a)o
[4] (T + d a)o + D
where a, (T), and (a) are used as for
equation [2] except that
subscript (o) means that
they were estimated during
pure oxygen breathing.
d = Oxygen physically dissolved
in blood in volumes per
cent. (do is considered to be
1.0 volume per cent in each
case.'8)
D = a- v. (There is some vari-
ability of (a - v) when
changing from breathing'
room air to breathing pure
oxygen, but in this equation
the variation is not signifi-
cant.)
The value for ao calculated in this
manner therefore approaches the abso-
lute right-to-left shunt. As long as (a)
is not 100% saturated, the ao so calcu-
lated will be less than the true absolute
a (labelled al in Fig. 1).
Knowing the approximate proportion
of SF which is shunted through non-
aerated lung (ao), it is possible to cal-
culate the approximate amount of the
systemic flow (SF) going through
aerated pulmonary capillaries, assuming
that the mixed venous blood is dis-
tributed anatomically in the same pro-
.q- SF
, ~LUNG
AERATEDCA.
XVI
Legend. SF = Systemicblood SF-lw
SF-o- lq7ct 4
FIG. 1. Diagrammatic representation of
the pulmonary circulation in chronic lung
disease.
Legend. SF = Systemic blood flow;
v = mixed venous blood oxygen content;
V= admixture of v with blood from col-
laterals, p; a = arterial blood oxygen
content; a, = shunt through non-aerated
pulmonary capillaries; fi = shunt through
collateral channels; pc = fully aerated
blood oxygen content = (T + d - LT).
portions through aerated and non-aerated channels as is the total pulmonary blood
supply, and that there is no intracardiac right-to-left shunt:
[5] SF (1 - ao) = aliquot of SF passing through aerated capillaries.
However, some mixed venous blood after passing through non-aerated pulmonary
capillaries is returned to the pulmonary arteries via the , shunt to go through non-
aerated, ao, as well as aerated, 1 - ao, pulmonary capillaries. The total amount of
mixed venous blood reaching aerated pulmonary capillaries by any route is the
* That (vi) approaches homogeneity is suggested by the anatomical demonstrations
of Liebow et al."8
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effective pulmonary flow of Bing and associates.' This includes mixed venous blood
originally shunted through non-aerated lung, then returned to aerated capillaries via
bronchial to pulmonary artery collaterals:
[6] (T LT) -v= EPF
where EPF is the effective pulmonary blood flow in cubic centimeters per minute.
If the EPF is greater than the proportion of SF going through aerated capillaries
(equation [5]), then the difference must be due to mixed venous blood joining the
pulmonary artery flow from the collateral circulation, p. This difference consists of
mixed venous blood equal to the ao per cent of that part of , going to aerated capil-
laries. The part of 8 going to aerated capillaries is (1 - ao) f, and ao% of that may
be written ao(l - ao) 8. This may be expressed in terms of volume flow, by multiply-
ing by SF, whereupon it becomes ao(1 - ao),8 SF. As stated above, this is equal to
the difference between EPF and equation [5]; hence ,9SF may be estimated:
EPF - SF(1 - ao) = ao (1 - ao)pSF
or
EPF - SF(1 -ao) = SF.
ao(1 (- ao)
If ao were exactly equal to al, equation [3] could be set equal to equation [4] and
solved for (vi). Then, using the Lundsgaard and Van Slyke equation for left-to-right
shunts (,f), the collateral flow could be calculated directly. The Lundsgaard and
Van Slyke equation is as follows":
[81 ~~~~~~~vi
- a
=J [8] 1- D -
The 8 calculated in this way is somewhat higher than that calculated by using
equation [7] which was used throughout in the following report.
The accuracy of the direct Fick method of estimating systemic flow is well
established."2 Since ao is the other factor entering prominently into the present
calculation of fiSF, an evaluation of the variation encountered in estimating ao
was made. This was done by analysing the range of variation encountered in the
laboratory determination of blood oxygen content. Each blood sample was analysed
independently by two technicians; the average of the two determinations was accepted
if they fell within 0.2 volumes per cent of one another. In this study the maximum
range between two analyses on identical samples was +0.04 volume per cent for
arterial blood samples and ±0.08 volume per cent for venous blood samples. If these
differences occurred in an additive direction, they could result in a maximum range
of estimated value for ao of ±2 (expressed as a per cent of SF). However, in many
of the cases included here the maximum difference did not occur in every blood gas
analysis, hence a range for each case was determined on the basis of individual
laboratory data.
Assuming that the true value for blood oxygen content would fall somewhere
between the results of the two independent analyses, the range of PSF calculated from
these data is given in the last column of Table 3.
Results and discussion
The outstanding symptom of the patients in this study was dyspnea
which was to some degree disabling in each case (Table 1). Frank left
ventricular failure as indicated by paroxysmal dyspnea or signs of pul-
monary congestion which cleared on digitalization was present in onlyYALE JOURNAL OF BIOLOGY AND MEDICINE
three cases. These three cases alone had peripheral edema; however, all
cases except two (N.V. and H.H.) had distended neck veins. As may be
seen from Table 2, the right ventricular or pulmonary arterial systolic
pressure was elevated above 30 mm. Hg in four cases. In spite of cyanosis
and clubbing in several cases, polycythemia was conspicuously rare in this
group. In the small group reported here it is difficult to see any correlations
between the clinical data and the observed physiological data.
All but three of these cases revealed a right-to-left shunt through
inadequately aerated lung tissue. As may be seen in Tables 2 and 3, the
TABLE 1
CLINICAL DATA
Pa-
tient
Duration
of
Age Sex symptoms Cyanosis Clubbing
T.C. 41 F 35 years
N.V. 34 F 32 years
H.H. 37 M 14 years
M.S. 47 F 9 years
G.C. 33 M 20 years
E.V. 41 M 12 years ++++
A.V. 30 M 23 years 0
P.M. 53 M 5 years
A.W. 44 M 5 years
F.B. 48 M 5 years
Primary diagnosis: Kyphoscoliosis
++ ++
0 0
Primary diagnosis: B
0 +
+ +++
++
0
Remarks
+±± ++++
0 0 +
Dronchiectasis
0 0 + Moderate collaterals
at operation.
O ++++ ++++
0 0 + Extensive collaterals
at operation.
0 + +++
0 0 ++
Primary diagnosis: Asthma and emphysema
+ + + 0
0 0 0 0
Primary diagnosis: Pulmonary tuberculosis
0 0 0 0
++
++
++ Post thoracoplasty;
no collaterals seen in
resected specimen.
absolute shunt, ao, bore little relationship to the arterial saturation, whereas
the algebraic sum of the right-to-left and left-to-right shunts of mixed
venous blood, a, was somewhat better related to the saturation which
decreased as a increased. Since the difference between a and ao is a func-
tion of the size of fl, it would seem that the collateral flow serves in this
way to minimize the effect of the poorly aerated lung on the arterial oxygen
saturation.
In seven of the ten cases the presence of collateral flow could be
determined by the present method (Table 3). Three of the ten cases came
to surgery. In two of these the appearance of the resected lung specimen
Congestive
PolJy- heart
cythemia failure Disability
384
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after operation supported the estimation of collateral flow. In the third case
coming to surgery no collateral channels were described in the pathological
report. (No injection studies were done in this case.) This was in accord
with the physiological studies in which no collateral circulation could be
demonstrated.
The development of collateral flow has been ascribed to a high pressure
gradient between the systemic and pulmonary arteries.9 Such a condition
is found in the tetralogy of Fallot in which extensive collateral vessels have
been reported,' and in experimental pulmonary artery ligation in dogs.`
In the present cases, however, no such increased pressure gradient existed,
and it is probable that chronic inflammation played an important role in the
process. The finding of collateral circulation in cases of pulmonary arterio-
venous fistulas without inflammatory changes has suggested that anoxemia
itself may contribute to this process.'0 In the pulmonary cases reported here,
anoxemia probably did not stimulate the development of the abnormal
channels because there was not a significant correlation between the col-
lateral flow volumes and the arterial oxygen saturations. However, as will
be pointed out later, the highest arterial oxygen saturations occurred in the
patients with the highest collateral flow volumes.
Although there seems to be no doubt that extensive precapillary
anastomoses develop between the systemic arterial vessels and the pul-
monary artery in chronic lung disease, the significance of these structures
to the individual is equivocal. Similar collateral vessels have been described
in cases of congenital heart disease of the cyanotic type.' In these congenital
heart cases, the arterial unsaturation is chiefly due to admixture of venous
blood with fully saturated pulmonary vein blood in the left heart chambers.
The resulting unsaturated arterial blood is capable of further saturation
with oxygen if it is recirculated through the pulmonary capillaries, since
there is usually no increased "L" factor.8 Therefore the collateral flow is of
benefit to the individual by producing an increased volume of fully aerated
blood.
In contrast to this, in the patients with chronic pulmonary disease the
arterial unsaturation is the result of intrapulmonary factors. As it seems
likely that the collateral circulation is prevalent (to the extent of ao) in the
diseased parts of the lung where further aeration is impossible, the recircu-
lation of arterial blood to the lung through these collateral channels is a
wasteful method of oxygen transport, and the burden of such a volume of
ineffectual collateral circulation is borne by the left side of the heart which
may, as a consequence of an increased work load, eventually fail.
Excluding the three patients in whom no collateral flow was found, the
remaining seven may be divided into two groups; the first group of four
patients whose resting arterial oxygen saturation fell below 85 per cent had
consistently lower collateral flow values than the second group of three
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whose resting arterial blood oxygen saturations were found to be above
85 per cent. This relationship between arterial oxygen saturation and
collateral flow is a corollary of the difference between a and ao in their
relation to the arterial oxygen saturation and may be a measure of the
benefit the patient enjoys from the anastomoses between systemic and
pulmonary arteries.
On postmortem examination, definite left ventricular hypertrophy has
often been found in cases otherwise classified as having cor pulmonale.''
This finding has been regarded with interest since the usual causes of high
pulmonary artery pressure, in the absence of septal defects or mitral
TABLE 3
DERIVED PHYSIOLOGICAL DATA
Decimal fraction X 100 Range
SF EPF PX SF fiSF
Patient a ao L L./min. L./min. L./min. L./min.
T.C. 12 15 15 4.1 3.62 1.06 0.600-1.700
N.V. 0 0 7 2.98 2.98 0 ..........
H.H. 10 13.7 2 5.15 4.65 1.70 1.060-1.830
M.S. 8 8.8 17 3.1 2.87 0.56 0.272-0.975
G.C. 3 8.6 11 6.85 6.65 4.97 3.550-5.670
E.V. 7 9.7 15 3.9 3.61 1.11 ..........
A.V. 4 8.35 7 11.3 10.9 6.75 ..........
P.M. 11 13.6 18 5.3 4.75 1.67 ..........
A.W. 0 0 10 5.7 .... 0 ..........
F.B. 0 0 11 6.4 .... 0 ..........
Symbols are defined in the text.
stenosis, have been thought to protect the left ventricle from strain. How-
ever, the effect of collateral circulation on the work load of the left ventricle
has been referred to previously in regard to congenital heart disease,'2 and
bronchiectasis." In all probability the great burden imposed on the left
ventricle by a large collateral circulation through the lung is an important
factor in the paradoxical observation of left ventricular hypertrophy which
has been reported in cases of cor pulmonale and cardio-pulmonary disease.
Summary
1. Physiological studies of the pulmonary circulation in ten cases of
chronic pulmonary disease were presented.
2. In seven of the ten cases mixed venous blood was being shunted
through non-aerated pulmonary capillaries.
3. In each of these seven cases collateral channels between the bronchial
and pulmonary arteries were demonstrated.
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4. These collateral channels were seen partially to overcome the
anoxemic effect of venous blood being shunted through poorly aerated
lung tissue into the pulmonary veins.
5. The volume of collateral flow required to affect favorably the arterial
blood oxygen saturation was found to be excessively large.
6. This large volume of collateral flow, the burden of which is borne by
the left ventricle of the heart, was suggested as a cause of the left
ventricular hypertrophy often observed in cases of cor pulmonale.
The authors are indebted to Miss Dorothy Nixon, Mrs. Dorothea Bone, and Mrs.
Betty Ackerman for their assistance in performing the techincal procedures involved
in this study.
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